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ABSTRACT 


This paper investigates design trends and performance trade-offs for a lift- and thrust-augmented asymmetric single 
main rotor helicopter. The primary goal of introducing lift and thrust augmentation is to increase the cruise speed to 
upward of 200 knots for the same payload and range of a conventional medium-lift utility helicopter. The configuration 
of interest is also compared to a thrust-augmented coaxial design. The convergence process was initiated using multi- 
parameter sweeps with a simple performance model that filters out unrealistic combinations of design parameters 
based on blade loading and rotor lift offset. After applying this initial filter, additional design iterations were carried 
out using comprehensive analysis directly to calculate rotor power on-line for sizing. The second step, while relatively 
slow, still executes within minutes, and incorporates physics-based rotor performance models without apriori tuning 
of power factors or coefficients. Using the methodology, a thrust and lift-augmented asymmetric compound helicopter 
was designed with blade-level optimization. This configuration has a lower installed power and fuel requirements 
compared to a thrust-augmented coaxial helicopter, for the mission chosen herein. 


NOMENCLATURE Vow Flight speed, ft/s 
W Gross Take-off Weight, 1b 
i Speed of sound, ft/s Wer Weight during Cruise Segment, Ib 
A Rotor disk area, ft? 
, : á . OTPP Forward tip-path-plane tilt, radians 
ARwing Fixed wing aspect raug ee . Np Propeller efficiency ratio 
Cay Profile drag coefficient of rotor airfoil sections Induced power factor in cruise 
Cdow Mean profile drag coefficient of fixed wing Ky Induced power factor in hover 
Crw Operating lift coefficient of fixed wing > Kint Coaxial interference factor for induced power 
Cr Rotor Thrust Coefficient, = T /(pA(QR)*) Induced inflow ratio, = v;/(QR) 
e Ostwald efficiency factor for fixed wing a leflow ratio 
: 2 
f Fuselage avaler flat-plate area, ft > P Air density, slug/ft? 
Ky Flat plate trend proportionality constant, ft 5 Rotor solidity 
M Local Mach number oo. . Q Rotor rotational speed, rad/s 
Miip,cr Advancing tip Mach number limit in cruise u Advance ratio, = V» / (QR) 
Np Number of blades per rotor 
NR Number of rotors 
Por Shaft power required in cruise, hp 
P; H Induced power in hover for all rotors, hp LIST OF ABBREVIATIONS 
P H Profile power in hover for all rotors, hp 
Py Shaft power required to hover, hp ROM Reduced Order Model 
Pprop Propeller power, hp CSD Computational Structural Dynamics 
R Rotor radius, ft 
Swing Fixed wing plan-form area, ft? 
T Thrust per rotor, lb INTRODUCTION 
~ E sA i The conventional single main rotor helicopter was conceptu- 
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alized as a means to achieve vertical lift, with some limited 
ability to fly forwards. At high forward flight speeds, the on- 
set of compressibility on the advancing blade tips and airfoil 
dynamic stall on the retreating side introduce vibratory loads 
that rapidly consume allowable fatigue cycles in the struc- 
ture. The imbalance in dynamic pressure between the ad- 
vancing and retreating sides of the rotor disk renders rolling 
moment balance an impossible goal at high advance ratios. 


Thus, various aspects of rotor aerodynamics and aeromechan- 
ics limit the maximum forward flight speed to approximately 
160 knots for a single-rotor helicopter, which falls well short 
of the 200+ knots required for next-generation high-speed ro- 
torcraft. The coaxial compound and the tilt-rotor are two pop- 
ular designs suited to high-speed forward flight. While the 
aerodynamic efficiency of a prop-rotor easily exceeds that of 
a rotor flying edgewise, maintenance and operating costs as- 
sociated with the tilt-rotor are significant. In a coaxial rotor 
system, the presence of two swashplates introduces a com- 
bination of control system complexity, excessive mast drag 
and/or hub weight penalties because of high blade flap stiff- 
ness, primarily driven by allowable inter-rotor tip clearances. 
Instead of the coaxial or tilt-rotor configurations, this paper 
investigates a third option for a platform with simultaneous 
VTOL capabilities and high-speed cruise: the so-called lift- 
offset single main rotor with lift and thrust compounding. 


The configuration being proposed is an evolution of a con- 
ventional single main rotor/tail rotor helicopter. Lift and 
thrust augmentation devices are functionally near-identical to 
the coaxial compound system. The key feature is that instead 
of using another rotor to balance the hub rolling moment, 
this configuration uses an asymmetric fixed wing as shown in 
Fig. 1. The advantages of this configuration are : 


1. Slowed main rotor: at high forward flight speeds, com- 
pressibility drag on the advancing blade tips is a major 
concern for both performance and hub vibrations. By 
reducing or eliminating the source of the loading, the as- 
sociated penalties are avoided. 


2. Asymmetric fixed wing: at high forward flight speeds, 
the fixed wing on the retreating side simultaneously al- 
leviates rotor thrust requirements and provides a counter 
moment to allow for trimmed forward flight. A movable 
trailing edge flap is used to regulate the lift and allows 
for smooth variation over a range of flight speeds. 


ull Speed 
Main Rotor 


Tail Rotor 


3. Swiveling tail rotor: At 100 knots, the anti-torque func- 
tion is transferred to the vertical fin and the tail rotor 
is off-loaded, powered down and swiveled to propeller 
mode. After swiveling is complete, the propeller is pow- 
ered by the engine and used to provide propulsive thrust. 
The main rotor can be used to generate vertical thrust 
alone in high-speed flight, avoiding excessive parasitic 
power penalties associated with fuselage drag at high an- 
gles of attack. 


The prime disadvantage of this configuration is that the 
transmission deck and airframe need to be stronger than for 
a conventional helicopter, since the rolling moment from the 
wing and rotor hub need to be carried through the structure be- 
fore canceling each other. A minor disadvantage is the down- 
load penalty in hover due to additional blockage created by 
the fixed wing. 


The field of helicopter/rotorcraft conceptual design is 
driven by analysis, synthesis, and optimization to find the 
best configuration to perform a given mission and meet the 
required performance specifications. The process of design 
is often sequential with each step being increasingly complex 
in terms of the fidelity of the models used within these tools. 
However, increasing the fidelity comes with a penalty of com- 
putational cost, which make it impractical at the early design 
stages to use “high-cost models” where numerous permuta- 
tions of vehicle configurations have to be assessed to narrow 
down the potential design space. Therefore, design tools have 
historically been of low fidelity to facilitate rapid application 
to a wide number of design parameters (e.g., rotor disk load- 
ing, rotor tip speed, etc.). As configurations become more 
complex, such as the addition of a wing and/or propeller(s), 
there is a need to scan a larger design space as there is now an 
increase in the number of design parameters, which ultimately 
reflect on the total cost of computation. Furthermore, there is 
also a need to develop an accurate physics-based design tool 
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Fig. 1. Schematic representation of a baseline conventional helicopter (left) and a compound rotorcraft (right). 
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that is capable of capturing the physical phenomenon of some 
exotic concepts being designed. 


Various design codes exist in literature and have been 
widely used by helicopter industries and universities, includ- 
ing NDARC (NASA), RDM (Sikorsky), PRESTO (Bell He- 
licopter) and HESCOMP and VASCOMP (Boeing). These 
tools contain simple physics based models with empirical 
corrections to evaluate the various aspects of vehicle perfor- 
mance and to evaluate the component weights. As config- 
urations and concepts become increasingly complex, there 
is a need to introduce higher-fidelity models such as com- 
prehensive analysis tools. Some examples of these tools in- 
clude CAMRAD (NASA), RCAS (U.S. Army), DYMORE 
(Georgia Institute of Technology) and UMARC (University 
of Maryland); see Johnson (Ref. 1) for a detailed summary. 
These codes over various studies have been used to analyze 
concepts such as slowed-rotor compounds (Ref. 2), tilting- 
tandem concept (Ref. 3), compound gyroplanes (Ref. 4) and 
rotors with individual blade control (Ref. 5). 


While a fair amount of literature exists on using design 
tools towards advanced rotorcraft configurations, there is a 
dearth in studies conducted towards the specific configura- 
tion of interest, i.e., a half-wing coupled with a lift-offset 
single rotor. A design with this configuration does exist for 
small-scale unmanned air vehicle (UAV) operations under the 
name “Challis Heliplane” (Ref. 6). However, references to the 
Heliplane in the literature are few, and detailed aeromechan- 
ics analyses are unavailable to the public-domain. A pass- 


ing mention exists in a survey of small-scale UAVs by Cai et. 
al (Ref. 7). Design optimization results for reducing vehicle 
weight for various configurations, including the Challis Heli- 
plane, are presented in the work by Vu et al. (Ref. 4). This 
work used a sizing analysis code and reduced-order models 
with analytical expressions to evaluate performance. While 
their design tool also contained an optimizer, the primary goal 
of the work was to validate the codes used against existing 
configurations. There was no improvements in design sug- 
gested for the configuration of interest. Sartorius (Ref. 8) and 
Cumbrebras and Sartorius (Ref. 9) studied a single rotor with 
lift-offset and a half wing for a 5,000 kg vehicle in high speed 
forward flight. They were able to show that the flight enve- 
lope could be extended to over 250 knots when compared to a 
maximum flight speed of 150 knots for the conventional sin- 
gle rotor configuration. Their study, however lacked a detailed 
study of the various design parameters and a study of the dif- 
ferent sub-components of the vehicle at different flight condi- 
tions. 


The primary objectives of the paper are two-fold: 1. To 
develop a conceptual design framework with the ability to in- 
clude either simple performance equations or to directly im- 
port comprehensive analysis into the design iterations, and 2. 
To demonstrate the feasibility of the framework for a 20,000 
Ib (medium lift) GTOW for a single lift-offset rotor with a 
wing and propeller. Studies are conducted to vary the dif- 
ferent design parameters and to study the performance of the 
vehicle at different flight conditions. 


Mission Requirements 


* Payload 

* Cruise 

+ Range 

+ Atmospheric Conditions 


* Vehicle drag 


Aircraft Description 
* SMR/Tilt-Rotor/Coaxial... 
+ Number of blades/rotors/wings 
+ Engine type and number 


+ Hover power 
* Cruise power 
+ Installed power 


Initializing Data 
* Engine models < Empty weight 
* Fuel weight 
* Take-off weight 


* Figure of Merit 
¢ Empirical constants 


Note: Each component is 
wrapped using Python 
for maximum modularity 
and re-usability 


No 


Drag Calculations 


* Component drag 


Weight Calculations 


Estimate Takeoff Weight 


Geometric Calculations 


+ Main rotor/Tail rotor 
* Wing 


Simple equations 


CSD with 
Inflow Models 


Power Calculations 


CSD coupled to 
Free-Vortex Wake 


*CSD: Computational 
Structural Dynamics 
(Comprehensive Analysis) 


Yes Sizing Complete 


* Proceed to performance analysis 


Fig. 2. Flowchart depicting the HYDRA framework. 
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METHODOLOGY 


The developed HYbrid Design and Rotorcraft Analysis 
(HYDRA) tool is an integrated code suite that can perform 
conceptual rotorcraft design tasks for arbitrary user-selected 
rotorcraft configurations. These configurations include a con- 
ventional helicopter, coaxial compound with lift and thrust 
augmentation, tilt-rotor and asymmetric single rotor com- 
pounds. Although initially implemented with low-fidelity per- 
formance models typical of conceptual design environments, 
the architecture allows for multidisciplinary design, analysis 
and optimization. The framework was extended to encapsu- 
late a comprehensive analysis code in the sizing process for 
accurate performance predictions, especially at high advance 
ratios. A flowchart depicting the interdependencies of the sub- 
components of HYDRA are shown in Fig. 2. User input pa- 
rameters and their respective ranges of values investigated in 
the present work are given in Table 1. Each component of 
HYDRA is described in the following section. 


Rotor parameter Range Units 
Disk Loading DL 6-20 Ib/sq.ft 
Rotor Solidity o 0.05 — 0.15 

Number of blades Mp 3-6 

Hover tip speed Vrp 195-240 | m/s 
Cruise tip Mach limit | 0.8 — 0.9 

Wing parameter Range Units 
Aspect ratio AR 4-10 

Lift fraction fy 0-0.5 


Table 1. Design Parameters 


Helicopter Sizing 


The proposed vehicle is a hybrid between a fixed-wing 
aircraft and a conventional helicopter. A modified sizing 
method based on Tishchenko’s original helicopter method- 
ology (Ref. 10) is used to size the vehicle and provide esti- 
mates of the vehicle weights and power requirements. The 
description of the aircraft involves defining the number of 
engines and lifting/thrusting components (rotors, wings and 
propellers), and their relative placement and orientation. A 
representative mission profile consists of a idle, hover and 
cruise phases and the corresponding atmospheric conditions 
(i.e., density altitude and temperature) are used to estimate the 
maximum gross take-off weight, installed power and fuel re- 
quired for a given payload mass. The sizing methodology has 
been validated against the NASA Design and Analysis of Ro- 
torcraft (NDARC) code for various mission profiles (Ref. 11). 


A schematic of the sizing algorithm is shown in Fig. 2. 
To ensure that the components contributing to aircraft empty 
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weight are accurately represented, the weights equations pre- 
sented in the NDARC (Ref. 12) report are used in HYDRAs 
sizing tool. The equations also account for wing-related com- 
ponents that are sized based on structural stiffness and load- 
ing requirements. Powerplant characteristics (engine weight 
and specific fuel consumption) are obtained based on nominal 
trends for turboshaft engines. The code was expanded to al- 
low for power calculations using the comprehensive analysis 
during the design iterations. This inclusion of a higher-order 
models is critical for accurate performance predictions at ad- 
vance ratios of 0.5 and above, where reliable test/empiricism- 
based tuning factors for low-fidelity models are not yet avail- 
able. For high-speed configurations in which the main ro- 
tor operates with significant lift asymmetry between the ad- 
vancing and retreating sides, a higher-fidelity flowfield model 
(free wake) that is more representative of the rotor flowfield 
is used in the present study. This process is similar to the ap- 
proach used by Moodie and Yeo (Ref. 13), with one key im- 
provement; rather than calibrate an approximate model with 
a higher-fidelity analysis tool, the approximate model is re- 
placed entirely by the comprehensive analysis. 


Empty Weight 


Models developed by the U.S. Army Aeroflightdynamics Di- 
rectorate (AFDD) (Ref. 12) were used to evaluate the contri- 
bution of different vehicle components to the empty weight. 
These weights are compiled from existing helicopters and 
tiltrotors, from which parametric equations were extracted; 
these calibrated trends were then used to predict the respec- 
tive component weights. The horizontal and vertical tail areas 
are scaled linearly with rotor radius, calibrated to the UH60A. 
Engine weight is scaled linearly with the power required using 
the UH60A as a reference, i.e. 


450 Ib 


Engine Weight = ———__— 
ngine Weig 1620 Shp 


x Installed Power, hp. 


A list of the different weight groups along with their dom- 
inant dependencies are listed in Table 2. These dominant 
dependencies are the parameters that the empty weight of a 
given group is most sensitive to. The AFDD weight mod- 
els allows for “technology factors” which, in effect reduce 
the empty weight by a chosen factor in anticipation of the 
advancement of technology over the years. However, in the 
present study, all technology factors were all set to one, i.e., 
no assumption was made for a decrease in weight based on 
future technologies. Therefore, the empty weight obtained 
through this procedure is a conservative estimate, in that is 
representative of current manufacturing proficiencies. 


Power Calculations: Simplified Model 


During design iterations, two models of different fidelity lev- 
els are available for estimation of rotor shaft torque and engine 
power requirements. The reduced-order model, implemented 
using momentum theory and an energy approach, does not 
explicitly model local effects such as varying blade geometry, 


ws Dominant 

Group Name Description Depandendics 
Fixed wing AFDD93 | Weight, 

wing aspect ratio 
Rotor AFDDOO Radius, solidity, 

flap frequency 
Empennage Custom Radius 
Propeller AFDD82 | Vehicle drag 
Fuselage AFDD82 | Weight, radius 
Alighting gear AFDD82 | Weight 
Engine Custom Maximum power 
Air induction AFDD82_ | Engine weight 
Fuel system AFDD82 | Fuel flow rate 
Drive system AFDDOO | Maximum torque, 

rotor weight 
Flight control AFDD82_ | Rotor geometry 
and hydraulics 
Deicing AFDD Rotor geometry 


Table 2. Constituent Components of Empty Weight 


tip compressibility or stall. Instead, these losses are folded 
into power factors that multiply the induced and profile power 
coefficients. 


Hover: The breakdown of hover power is given by 


73/2 
Pa = Ne Ku ipa 
oC, 
Py, = N, 2 pA(QR)? 
Pa = KintP iy + Poy (1) 


where N, is the number of rotors, p is the local atmospheric 
density, A is the rotor disk area, Cy, is mean profile drag coef- 
ficient and QR is the hover tip speed. P; 4, Po, and P, are the 
induced, profile and total power in hover, respectively. The 
inter-rotor interference factor Kint is set to 1.0 for single rotor 
designs, and 1.15 for coaxial rotors. 


Cruise: In forward flight (i.e., cruise), the power required is 
computed from the vehicle drag, which is a combination of 
the fuselage drag, blade drag and wing drag (if a fixed wing 
present). The fuselage equivalent flat-plate area is obtained 
from gross take-off weight and is given by 


W 
f=Kpş (si) (2) 


where W is the take-off weight expressed in pounds, and Ky 
is the empirical constant set to 7.0 for utility helicopters, and 
between 4.0-5.0 for more streamlined designs (curve fit from 


Fig. 6.25 (Ref. 14)). Blade drag at the hub is estimated using 
a corrected disk-averaged force, Fy g, as 


OCh 


Fu =N, (3.12) PA(QR}? (3) 


Mast Drag for Coaxials: For coaxial rotors, the mast drag 
is folded into the flat-plate area calculations. The mast is as- 
sumed to be a cylinder of diameter 7.5% R and a height of 
20% R. A fairing with a NACA0020 is assumed. Using a fair- 
ing drag coefficient of 0.2 (Ref. 15) yields the mast flat-plate 
area as 


fast =  0.003R? (4) 


Wing Loads: When an asymmetric fixed wing is present, 
the wing lift fraction is used to compute the contribution of 
the wing to vertical thrust. The wing lift fraction fọ is a non- 
dimensional metric between 0 and 1 that represents the frac- 
tion of vehicle weight carried by the fixed wing during cruise. 
The lower limit 0 implies all vertical thrust is provided by 
the rotor, and | implies that the wing carries the entire vehicle 
weight. Using the vehicle weight generated during each fixed- 
point iteration, the total wing lift can be computed using the 
lift fraction. The wing is assumed to operate at its optimum 
angle of attack for minimum drag, i.e. 


IC. 
Chw E Chop = 72 (5 ) 


where K = 1/(2 ARwing €). Therefore, the optimum wing 
area Swing is given by 


Ja Wer 


Swi = -—S > 6 
wing 0.5PV2C Lon ( ) 
Subsequently, the wing drag Dying is 
Dying = 0.5PV2Swing( KCE p +Cdoy) 
= 0.5pV2Swing(2Cp,,, ) (7) 


Væ is the forward flight speed, Cy), is the mean drag profile 
coefficient of the wing and e is the Oswald’s efficiency factor. 
Using the aspect ratio of the wing, ARwing, the wing span, 
bwing, and mean wing chord, Cwing are computed as 


ARwing Swing (8) 
Swite/Dwing (9) 


Dwing 


Cwing = 


Therefore, from Eqs. 2, 3, 4 and 7, the total drag is given 


by 
1 
D= 5PVa(f + fmast) +F H + Dwing (10) 


Rotor Shaft Tilt in Cruise: To compute rotor induced 
power, an estimate of the shaft tilt is necessary for use in the 
uniform inflow iteration expression, and is given below: 


e Without propeller: The rotor tip-path-plane must be 
tilted forward to overcome fuselage and blade drag. Us- 
ing estimates for total drag (Eq. 10) and mean vehicle 
weight during cruise, the forward tilt of the tip-path- 
plane is given by 


(1) 


where D is the drag on the vehicle and Wer is the weight 
of the vehicle during cruise. The rotor(s) each produce a 
thrust (assuming no interference) given by 

1 


T = = 


2 
N, (f Wa) +D? 


(12) 


where fẹ represents the rotor thrust fraction, i.e., contri- 
bution from the rotor(s) to vertical thrust. 


With propeller: The rotor tip-path-plane is assumed to 
be tilted back by 0.5°, so that the thrust vector is domi- 
nantly used to counteract gravity. The aft tilt produces a 
small upwash to aid this thrust generation, i.e., 


Cep = —0.5° (13) 


The thrust from each rotor is computed (assuming no in- 
terference in cruise) as 


Wer 
T = — 14 
N, fr (14) 
Since a small component of the thrust may produce ad- 
ditional hub drag, Eq. 10 is modified to include the com- 
ponent of rotor shaft thrust along the free-stream velocity 


direction. The total propeller thrust is then given by 
1 . 
Torop = 5 PVaf + Fru +Dwing— NT Sin Op, (15) 


The propeller power is estimated from the required 
thrust, cruise speed and propulsive efficiency as 


Cavs 


16 
n, (16) 


Porop = 


When a propeller is present, Eqn. 7 is substituted in Eqn. 
15 for calculating the portion of propeller thrust needed to 
overcome wing drag. When a propeller is not present, Eqn. 7 
is substituted in Eqn. 10 to calculate the forward component 
of rotor thrust. 


Rotor Power in Cruise: In high-speed cruise, a tip Mach 
number limit is imposed by altering the rotor RPM so that 


QerR <  Miimacr — Voo (17) 

Total inflow for all rotors operating in edgewise flight is 
obtained through fixed-point iterations for the inflow equation 
as derived by Glauert (Refs. 16, 17) 


A = Gr 


tan Si 
u Orpp 2 ‘2 +22 


(18) 


The total inflow ratio, obtained at the end of convergence, is 
used to calculate the total induced power of all rotors, P; cr as 

Poa = N, Ko CA pA(QaR)? (19) 
The profile power, Po cr, needed to rotate the blades and over- 
come torque due to airfoil section drag in edgewise flight is 
given by 


oC, 
Poor = Ng 4 (1 T 1.551) PA (QR)? 


(20) 


The total mechanical power , Piota1, needed to turn the rotor(s) 
and propeller is then given by 

Pota = Pcr + Por + Porop (21) 
Engine Installed Power The transmission output power is 
the sum of the power required to rotate the main rotor(s), 
tail rotor and propeller (if present). Transmission and en- 
gine air intake efficiencies, together with temperature/altitude 
compensations are applied to evaluate to the engine installed 
power in each mission segment. The maximum installed 
power and maximum torque are used in the AFDD/NDARC 
empty weight models to estimate the empty weight contribu- 
tions from the drive system and air induction groups. 


Practical Limits The rotor power calculations in Eqns. 1 
and 21 do not take into account local effects like airfoil static 
stall and advancing blade stresses. Therefore, depending on 
the choice of input variables (rotor solidity, tip speed and disk 
loading) the simplified performance calculations will fail to 
identify designs which are not practical. To filter out designs 
which require unrealistic values of rotor thrust, two simple 
thresholds are set to identify unrealistic configurations: 


e Hover blade loading: When the hover blade loading co- 
efficient C,/o is above 0.13, the mean operating lift co- 
efficient of the rotor sections is 0.78. Depending on the 
twist and chord distribution of the rotor sections, certain 
sections may operate close to stall, leaving little margin 
for maneuvers or gust tolerance. Therefore, designs that 
exceed this threshold are discarded. 


Lift offset: Rotor lift offset is a non-dimensional metric 
that represents the lateral bias of average vertical thrust 
towards the advancing side with respect to the shaft. For 
a coaxial system, individual rotors may be trimmed to 
the same lift offset, producing mutually canceling hub 
rolling moments. For the asymmetric compound design, 
the lift offset is obtained from the body rolling moment 
balance equation as 


b wing f w 
L = 05 22 
off R _ i= ( ) 
The rotor hub rolling moment is then given as 
Laow = Lo RT (23) 


Where T is each rotor’s thrust, given by Eqn. 12 when no 
propeller is present, and Eqn. 14 when a pusher propeller 
is included in the design. 


It can be shown from aerodynamic considerations (Ap- 
pendix A) that, based on qualifying assumptions, the lift 
offset ranges from 0.125 u?/(1-0.25u?) to 4/37, with an 
expected value of 4u7/(3 T (1-0.5u4°)). For the current 
mission, the cruise advance ratio is approximately 0.75, 
setting the limits at 0.061 and 0.42, with an expected 
value of 0.125. 


A rotor with a lift-offset greater than 0.5 is required to 
produce most of its thrust from the outboard sections on 
advancing blades, resulting in enormous bending loads 
and associated hub rolling moment. The lower limit 0.1 
is set based on the expected value, and 0.5 is set as an 
inclusive upper bound. These values are inclusive in that 
they serve to only filter out designs that are clearly infea- 
sible for high advance ratio flight. 


With impractical designs weeded out based on hover blade 
loading and lift offset (for the asymmetric compound), the 
configurations that “pass” this test are resized based on power 
predictions from the comprehensive analysis. 


Comprehensive Analysis 


An in-house comprehensive structural dynamics (CSD) solver 
was developed at the Alfred Gessow Rotorcraft Center at 
the University of Maryland based on a doctoral disserta- 
tion (Ref. 18), which was also used in CFD-CSD coupling 
studies (Ref. 19). The CSD solver is used to model the rotor 
aerodynamics. Blade section aerodynamic forces are obtained 
using table look-up for Mach number and angle of attack. The 
inflow calculation can be performed either using the Peters— 
He dynamic inflow model (Ref. 20) or the Maryland Free- 
vortex Wake model (MFW) (Ref. 21). When the free wake 
model is used, alternate updates of wake geometry and trim 
controls are performed until the rotor swashplate inputs con- 
verge across fixed-point iterations. 


Power Calculation with Comprehensive Analysis: The 
comprehensive analysis code is used to evaluated rotor power 
requirements in cruise, i.e., Eqs. 19 and 20 is replaced by a call 
to a blade element model. The high-fidelity code is executed 
in wind-tunnel trim mode, and the collective and cyclics are it- 
eratively adjusted to match target rotor thrust, required rolling 
moment (obtained from Eqn. 23) and zero net hub pitching 
moment. Shaft tilt is set to different values based on whether 
a propeller is present, as given by Eqs. 11 and 13. Blade mo- 
tions for the cases considered are neglected, since the flap and 
twist of stiff blades are not expected to have first-order effects 
on performance. Rotor disk loading and take-off weight are 
used to prescribe the radius, and the tip speed is used to set 
the RPM. A uniform chord distribution is prescribed based on 
blade aspect ratio with 15% root cut-out. The SC1095 airfoil 
tables are used to compute sectional lift and drag coefficients 
for various combinations of angle of attack and Mach number. 


Once wind-tunnel trim is achieved, the hub drag Fy, 4 and 
shaft power P., are extracted from the outputs and used to 
directly replace the values calculated by Eqs. 3, 19 and 20 
respectively. 


RESULTS 


This section is subdivided into two parts. In the first part, 
the simple reduced order model (ROM) with empirical correc- 
tions is validated and used to infer trends in the empty weight, 
and to evaluate the merits of the asymmetric design relative to 
a thrust-augmented coaxial configuration. A focus range for 
design with comprehensive analysis in the loop is identified 
to resolve finer details of the design, the results of which are 
presented in the second part. The comprehensive analysis is 
used to evaluate rotor power with the aerodynamics resolved 
at a more fundamental blade element level for the asymmet- 
ric compound configuration, and trend differences with the 
ROM are outlined. A representative mission was chosen for 
the evaluation of the designs and the mission parameters cho- 
sen to size the vehicle are given in Table 3 below: 


Mission parameter Value Units 
Atmosphere ISA+5 | °C 
Hover altitude 2000 meters 
Cruise altitude 1000 meters 
Hover duration 5 minutes 
Cruise speed 200, 240 | knots 
Payload 2000 kg 
Range 450 n.mi 


Table 3. Mission requirements 


Test Cases for Sizing Analysis 


Validation of the HYDRA framework, i.e., using the ROM 
and the CSD code (with linear inflow), is presented in the fol- 
lowing section. The code suite was used to predict the empty 
weight, installed power and rotor geometry based on available 
design inputs for the UH-60L, CH-53E, S-97 and UH-1D. It 
was observed that both the ROM and CSD were able to pre- 
dict the vehicle parameters within 5% for most parameters. 


The results of the sizing code for three production heli- 
copters (light, medium and heavy) and one coaxial compound 
configuration are shown in Table 4. Two different perfor- 
mance models are used for the vehicles : the energy method 
based equations with power factors, and comprehensive anal- 
ysis with rectangular blades. 


Part I: Reduced Order Model 


The results presented in this section utilize the reduced or- 
der model (ROM) which features simple equations for power 


UH-60L 
Payload, Ib 2,645 
Range, nmi 621 
Cruise speed, knots 150 
Solidity 0.082 
Parameter Reference | ROM CSD 
Empty weight, Ib 10,624 10,758 | 10,830 
Rotor diameter, ft 53.666 54.740 | 54.980 
Installed power, hp 3,780 3,995 4,011 
CH-53E 
Payload, lb 29,982 
Range, nmi 195 
Cruise speed, knots 100 
Solidity 0.1 
Parameter Reference | ROM CSD 
Empty weight, 1b 33,226 35,364 | 35,364 
Rotor diameter, ft 79.0 82.9 82.9 
Installed power, hp 13,140 13,622 | 13,622 
S-97 
Payload, Ib 2,866 
Range, nmi 308 
Cruise speed, knots 220 
Solidity 0.075 
Parameter Reference | ROM CSD 
Empty weight, 1b - 6,615 | 6,982 
Rotor diameter, ft 34.0 34.98 35.72 
Installed power, hp 2,600 2,580 2,779 
UH-1D 
Payload, Ib 1,760 
Range, nmi 243 
Cruise speed, knots 110 
Solidity 0.05 
Parameter Reference | ROM CSD 
Empty weight, 1b 5,215 4,886 | 4,859 
Rotor diameter, ft 48.0 49.36 49.14 
Installed power, hp 1,100 1,213 1,226 


ROM: Reduced Order Model 
CSD: Comprehensive Analysis 


Table 4. Comparison of production specifications vs. de- 
sign outputs using reduced order model and CSD codes 


based on energy relation. Design configuration studies are 
presented for the asymmetric compound and the thrust aug- 
mented coaxial rotor. 


200 knots Cruise: Design Trends 


The dominant driving parameters are identified using sweeps 
over the design space, as given in Table 1, a total of over 
200,000 potential designs. In the present study, the most 
acceptable design was the one that consumed the minimum 
amount of fuel to complete the specified mission. Of all the 
configurations investigated, the vehicle specifications for the 
minimum fuel consumed are given in Table 5. These config- 
urations (“potential designs”) were obtained by filtering out 
converged designs based on both hover blade loading Cr/o 
and cruise lift offset. Rotor lift offset is restricted to values 
from 0.15 to 0.4 (see Appendix A for detailed explanation). 
The difference between the rotor configurations lie only in the 
number of blades. Each of the design variables were perturbed 
around the potential design to identify the sensitivity of the de- 
sign variable and their roles are highlighted in the following 
section. 


Wing Design Variables 


The variables of interest in this section are the wing aspect ra- 
tio and the lift fraction, i.e., amount of total lift of the vehicle 
carried by the wing. Wing aspect ratio primarily affects the 
induced drag and the empty weight of the wing. A value of 
9.0 for three, four and five-bladed designs and 7.0 for the six- 
bladed configuration results in minimum fuel consumption. 
While the selection process for the “best” design chooses the 
configuration with the least fuel weight required, the sensitiv- 
ity of the final vehicle dimensions to variations in wing aspect 
ratio is very small. Indeed, the top ten designs, ranked by fuel 
weight, feature all wing aspect ratios from 4 to 10 with all 
other parameters as given in Table 5. The wing lift fraction 
directly influences rotor lift offset to maintain the rolling mo- 
ment balance. Figure 3 shows the variation in rotor lift offset 
as a function of the lift fraction for different number of rotor 
blades. When the wing is required to carry additional thrust, 
the rolling moment exerted on the body increases. To counter 
the wing rolling moment, the rotor was observed to trim with 
and increased lift offset. If the wing span is restricted to fit 
within the rotor disk (a restriction placed for practical con- 
cerns), then the configurations with minimum fuel consump- 
tion, for various numbers of rotor blades, all have an aspect 
ratio of 7.0. 


Rotor Design Variables 


The variables of interest that relate to rotor design are the the 
rotor solidity, disk-loading and the number of blades. Note 
that the rotational frequency of the rotor is limited based on 
the maximum tip-speed to prevent compressibility effects on 
the advancing side in high-speed forward flight. The amount 
of thrust carried by the rotor is defined by the lift fraction. 


Rotor parameter Value Units 
Disk Loading DL 9 Ib/sq. ft 
Rotor Solidity o 0.06 
Number of blades Mp 3-6 
Hover tip speed Vrp 240 m/s 
Cruise tip Mach limit 0.9 
Wing parameter Value Units 
Aspect ratio AR 9* (Np=3,4,5) 

7 (Np = 6) 
Lift fraction fy 0.3 


Table 5. 200 knots Asymmetric Design: Minimum Fuel 
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Fig. 3. Variation of rotor lift offset with wing lift 


The first parameter investigated is rotor solidity. Figure 4 
shows the variation of blade loading with increasing rotor so- 
lidity. A practical limit is placed on the blade loading coef- 
ficient (Cr /o) of 0.13 and designs that exceed this value are 
discarded. The observed trend is a decrease in the blade load- 
ing for an increase in rotor solidity, all other variables kept 
the same. For a fixed disk loading and rotor tip speed, larger 
solidity provides increased hover stall margins, which may be 
used to operate at higher altitudes or carry heavier payloads 
for short distances. However, the disadvantage of high solid- 
ity designs is a larger empty weight (and therefore, take-off 
weight). This trend may be derived from the expression for 
rotor empty weight. Based on production aircraft, the original 
AFDD00 blade weight model may be rearranged in terms of 
solidity (instead of aspect ratio) as 


R250075 


Wr ye a oe 


(24) 


where K is an empirical constant and other terms retain their 
usual meaning. Therefore, an increase in the solidity results 
in an increase in the empty weight of the rotor. The rotor in 
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Fig. 5. Variation of take-off weight with rotor solidity. 


turn affects the different other empty weights resulting in a to- 
tal increase of the empty weight of the vehicle. Because most 
components of vehicle empty weight (listed in Table 2) de- 
pend on the take-off weight, it is the rotor weight that drives 
the sizing and aircraft empty weight. A design with higher so- 
lidity results in larger rotor weight, which cascades into larger 
take-off weight as shown in Fig. 5. Design with lower number 
of blades have a higher rotor empty weight (see Eq. 24), which 
is reflected in the higher GTOW for lower blade numbers. 


Disk Loading: A lower disk loading increases the rotor ra- 
dius for a given take-off weight, shown in Fig. 6, and results in 
higher hovering efficiencies. However, because empty weight 
is driven by rotor weight, fixing a very low disk loading results 
in the classical weight ballooning problem, which manifests 
as numerical divergence. This weight divergence for low disk 
loading values is avoided by implementing a maximum cut- 
off for the rotor radius, and disregarding the prescribed disk 
loading value. The variation of blade loading with disk load- 
ing at fixed rotor solidity is shown in Fig. 7. Designs with 
disk loading greater than 9.2 1b/sq.ft are discarded based on a 
blade loading threshold of 0.13. 


Take-off weight is also driven by power and torque re- 
quirements through the engine and drive system group. For 
a low-speed design, the installed power is driven by the hover 
condition. While a larger rotor (lower disk loading) provides 
improved power loading at a given thrust level, the target 
thrust itself changes for different rotor sizes. For a high- 
speed design, propulsive power (through engine and trans- 
mission components) drives the empty weight. Rotor induced 
and profile power requirements also contribute to engine and 
transmission sizing at high advance ratios. A larger rotor re- 
duces the induced power but greatly increases take-off weight, 
which subsequently results in increased vehicle drag. For a 
cruise-efficient design, very high disk loading values result in 
larger required solidity to avoid airfoil stall, and hover power 
requirements simultaneously influence engine and transmis- 
sion sizing. If the disk loading is very low, the diameter drives 
vehicle weight, drag and installed power as shown in Fig. 8. 


Number of Blades: For high rotor solidities, the number of 
rotor blades has a significant effect on take-off weight. More 
blades are preferred for a larger rotor diameter or high solidity 
rotor to reduce the blade weight. For a fixed (low) solidity and 
disk loading, the blade count does not significantly influence 
take-off weight and installed power. Changing the number of 
blades from 3 to 6 decreases the take-off weight and installed 
power by approximately 5%, rotor radius by 2.5% and fuel re- 
quired by 4%. The threshold disk loading and solidity values 
at which C/o exceeds 0.13 are unaffected by the number of 
blades. The limit on advancing tip Mach number in cruise 
influences rotor power in two ways. Decreasing rotor RPM 
in cruise reduces rotor profile power, but increases rotor ad- 
vance ratio and induced power requirements (Ko, the induced 
power factor in cruise, increases (approximately) quadrati- 
cally with u (Ref. 12). The trade-off between increasing in- 
duced power and decreasing profile power results in a higher 
desired tip Mach number (0.9) for the simple model without 
empirical compressibility corrections. For a high-speed de- 
sign, the hover tip speed influences the empty weight through 
the flight control system and hub groups. Since these compo- 
nents represent a minor contribution to the total weight of a 
helicopter, the primary influence of hover tip speed is on hover 
performance and blade loading. The designs with minimum 
fuel consumption during cruise are those with high hover tip 
speeds, which complement a low solidity design in avoiding 
rotor stall. Note that the simple model implemented does 
not have compressibility corrections, and therefore prefers a 
lower advance ratio over lower tip speed to minimize induced 
power in cruise. 


Comparison with Coaxial Compound 


In this section, 4-bladed designs with minimum fuel consump- 
tion are compared between the asymmetric compound and a 
coaxial compound helicopter for two cruise speeds: 200 knots 
and 240 knots. 


Table 6 compares the final converged design variables for 
the asymmetric compound and a thrust-augmented coaxial for 
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Fig. 6. Variation of rotor radius with disk loading 
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Fig. 7. Variation of blade loading with disk loading 
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Fig. 8. Variation of installed power with disk loading 


a target cruise speed of 200 knots. For this cruise speed, 
the ROM predicts near-equal performance for the asymmet- 
ric compound helicopter and a coaxial design. The coaxial 
configuration has a lower blade loading coefficient (0.117) 
than the asymmetric design (0.126). The take-off weights, to- 
tal disk areas, installed power and fuel required differ by less 
than 5%. Both designs operate at lift offset values of approxi- 
mately 0.2 (prescribed for the coaxial configuration). For the 
asymmetric compound, the wing lift fraction is 0.3, and the 
span is constrained to fit within the rotor disc. The weight 
reductions for the coaxial configuration are driven by empty 
weight reductions obtained from reduced disk loading and so- 
lidity. At 200 knots, another coaxial design with disk loading 
= 9 lb/sq.ft and solidity = 0.06 provides near-identical perfor- 
mance and take-off weight. 


Table 7 compares the corresponding design variables and 
rotor/wing parameters for the two configurations at 240 knots 
cruise speed. The installed power increases to overcome ve- 
hicle drag, driving up empty weight. The fuel required to fly 
at 240 knots is 60% higher for an asymmetric compound, and 
50% higher for a thrust-augmented coaxial design. The sim- 
ple model predicts a decrease in rotor radius and increased 
solidity for the 240 knots asymmetric design. The lift fraction 
carried by the wing is 30%, and wing span is constrained by 
the rotor radius. Rotor lift offset is 0.21 and insensitive to tar- 
get airspeed, since it is driven primarily by the wing lift frac- 
tion. The empty weight for the two configurations is within 
10% at 240 knots. 


Rotor parameter Asymmetric | Coaxial 
Number of blades Np 4 4 

Disk Loading DL, lb/sq.ft | 9 7 
Solidity o 0.06 0.05 
Hover tip speed Vap, m/s | 240 240 
Cruise tip Mach limit 0.9 0.9 
Gross Weight, Ibs 21,780 21,738 
Fuel Weight, Ibs 2,944 2,640 
Empty Weight, lbs 15,306 14,697 
Installed Power, hp 4,065 3,970 
Radius, ft 32.9 23.72 
Lift Offset 0.21 0.2 
Wing parameter Value Units 
Aspect ratio AR 7 - 
Span, ft 29.5 — 

Lift fraction fy 0.3 - 


Table 6. 200 knots Design for Minimum Fuel, N; = 4 blades 
in Each Rotor for Coaxial 


Quantitative inferences of relative performance benefits 
between the coaxial and the asymmetric compound can be 
misleading, as the ROM has inherent assumptions in its for- 
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Rotor parameter Asymmetric | Coaxial 
Disk Loading DL, lb/sq.ft | 12 9 
Rotor Solidity o 0.08 0.06 
Hover tip speed Vp, m/s | 240 240 
Cruise tip Mach limit 0.9 0.9 
Gross Weight, lbs 27,065 24,376 
Fuel Weight, Ibs 4,838 3,951 
Empty Weight, lbs 17,827 16,025 
Installed Power, hp 7,017 5,818 
Radius, ft 28.6 22.15 
Lift Offset 0.21 0.2 
Wing parameter Value Units 
Aspect ratio AR 8 - 
Span, ft 28.3 — 

Lift fraction fy, 0.3 - 


Table 7. 240 knots Design for Minimum Fuel, N; = 4 blades 
in each Rotor 


mulation that may break down at this flight condition. At this 
high-speed, the advance ratio is approximately 0.75, where 
simple models for induced power factors may break down 
and sizing is driven significantly by cruise power predictions. 
Therefore, the design sweep was rerun using the CSD solver 
to evaluate rotor performance. The results of this study are 
presented in the following section. 


Part II: Comprehensive Analysis 


In this section, the reduced order models used in the perfor- 
mance routines of the design codes are replaced by compre- 
hensive analysis tools augmented with a linear inflow model 
or freewake. The design from the Part I are refined and blade 
level optimization is performed. 


Design with Comprehensive Analysis for Performance 


The 240 knots designs generated with the reduced order 
model are compared to the counterparts obtained using com- 
prehensive analysis for performance prediction. This higher 
fidelity performance module was used to compute rotor power 
with 0, 5 and 10 degrees of blade geometric twist for the 
asymmetric compound and thrust augmented coaxial. Both 
vehicles used 4 blades per rotor. 


The asymmetric compound configurations with least fuel 
consumption are given in Table 8 for 0, 5 and 10 degrees of 
blade twist. The optimal disk loading and solidity obtained 
with the comprehensive analysis were very similar to those 
obtained using the ROM for all blade twist levels investigated. 
The hover tip speed was sufficiently high to restrict the blade 
loading coefficient at take-off to 0.13. With compressibility 


effects now introduced by the airfoil tables, the maximum ad- 
vancing tip Mach number in cruise was 0.8 for minimum fuel 
consumption. The ROM has incorporated within it an empir- 
ical model for the induced power factor, which is in excess 
of 4 at u = 0.75 and over-predicts this rotor induced power 
requirement in edgewise flight. Therefore, for designs fo- 
cused on high-speed cruise, the power predictions primarily 
drive the sizing of the vehicle. Compared to the ROM, the 
take-off weight for all three twist levels is 11% lower when 
the comprehensive analysis is included, as shown in Table 7. 
Installed power and fuel weight required are 16% and 20% 
lower, respectively, for the comprehensive analysis predic- 
tions with linear inflow. The corresponding effect on reduced 
gross weight is immediately apparent in the predictions of the 
resulting rotor radius, which is 26 ft (instead of 28.3 ft). 


The wing sizing is driven by the permitted rotor lift offset 
limits and the resolution of wing lift fraction prescribed in the 
parametric sweeps. As in the case with the ROM, wing aspect 
ratio is not a driving design parameter for sizing this config- 
uration. The top ten designs feature wing aspect ratios 4 — 8 
with only 4% change in fuel required. Wing span is close to 
26 ft, with less than 1% difference between the three blade 
twist levels. The configuration with minimum fuel consump- 
tion requires that the wing carry 40% of the total weight, and 
the corresponding rotor lift offset is 0.31. 


The coaxial compound configurations with best fuel con- 
sumption are given in Table 9 for 0, 5 and 10 degrees of blade 
twist, respectively. Hover tip speed and the maximum allowed 
advancing tip Mach number in cruise are 240 m/s and 0.8 re- 
spectively, identical to the asymmetric configuration. The best 
rotor disk loading and solidity are 16 — 17 lb/sq.ft and 0.14 — 
0.16, respectively. The high disk loading is a result of a more 
compact rotor lowering take-off weight; see Eqn. 24. A high 
solidity design is required to restrict hover blade loading to ac- 
ceptable limits. Induced and profile power requirements from 
the comprehensive analysis are obtained assuming no wake 
interference at high speeds. 


The two configurations, i.e., coaxial and asymmetric com- 
pound, fall in the same weight class for the chosen mission 
and cruise speed. Take-off weight is more sensitive to choice 
of blade twist, indicating that profile and induced power are 
key sizing drivers for the coaxial more than the asymmetric 
compound. The installed power difference between the “best” 
coaxial and asymmetric compound configurations, when in- 
cluding blade twist, is significant. The high disk loading pre- 
dicted using CSD performance results in a more compact ro- 
tor (16.1 ft vs. 22 ft), higher installed power (+17%) and more 
fuel (+13%). 


With appropriate tuning of the ROM for a limited range 
of blade loading and advance ratio, the accuracy can be im- 
proved. However, this is not a robust solution for incorporat- 
ing high advance ratio physics into the design process, and 
predictions may be misleading. This result is evident in the 
comparisons of fuel required for the coaxial configuration in 
Tables 7 and 9. 


With the ROM, Table 7 indicates that the asymmetric de- 
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sign requires more fuel than the coaxial compound. These 
findings are in direct contrast to those obtained using the high- 
fidelity performance model, as shown in Tables 8 and 9. With 
the high-fidelity performance model, the fuel required to com- 
plete the mission is 20% lower for the asymmetric compound 
than for the coaxial configuration. 


Rotor parameter Untwisted | 5 deg 10 deg 
Disk Loading DL, lb/sq.ft | 13 13 12 
Rotor Solidity o 0.09 0.09 0.08 
Hover tip speed Vp, m/s | 240 240 240 
Cruise tip Mach limit 0.8 0.8 0.8 
Gross Weight, lbs 23,908 23,425 | 23791 
Fuel Weight, lbs 4023 3870 3913 
Empty Weight, Ibs 15484 15156 | 15478 
Installed Power, hp 5908 5677 5748 
Radius, ft 26.03 25.78 | 27.03 
Lift Offset 0.33 0.33 0.32 
Wing parameter Untwisted | 5 deg 10 deg 
Aspect ratio AR 4 4 4 
Span, ft 26.03 25.77 | 25.96 
Lift fraction fw 0.4 0.4 0.4 


Table 8. 240 knots Asymmetric Designs : Min. Fuel, N,= 4 


Rotor parameter Untwisted | 5 deg 10 deg 
Disk Loading DL, lb/sq.ft | 16 16 17 
Rotor Solidity o 0.16 0.14 0.14 
Hover tip speed Vp, m/s | 240 240 240 
Cruise tip Mach limit 0.8 0.8 0.8 
Gross Weight, lbs 27,962 25,210 | 24098 
Fuel Weight, lbs 5161 4658 4510 
Empty Weight, Ibs 18401 16151 | 15188 
Installed Power, hp 7767 6900 6725 
Radius, ft 17.94 17.03 16.14 
Lift Offset 0.27 0.27 0.27 


Table 9. 240 knots Coaxial Designs : Min. Fuel, N,= 4 
blades in Each Rotor 


To identify physical mechanisms behind the large power 
penalty for untwisted rotors with lift offset, contour plots of 
the normal force and chordwise force were generated from 
the comprehensive analysis for three different twist gradients 
at a fixed thrust level. Shown in Fig. 9 are contour plots of 
operating angles of attack and in-plane force (analogous to 
induced + profile drag) for three different twist levels. The re- 
gion around the reverse flow bubble is stalled and very similar 
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for all three twist configurations considered. Over the fore and 1 
aft of the disk, and on the advancing side, the loads are redis- | Vo 
tributed with different twist levels. For the untwisted blade, 

the operating angles of attack are in excess of 5 degrees over 

most of the region between y = 120 deg and y = 60 deg. 0.5 
The corresponding increase in chordwise force over the fore 
and aft sections of the disk is evident in Fig. 9(b). As blade 
twist increases, the operating angles of attack decrease on the 
advancing side, reducing drag and power consumption. 


Fig. 11 shows the variation of rotor thrust for the three 
twists considered. For untwisted blades, most of the thrust 
produced at blade tip regions at azimuths around y = 45, 135 -0.5 
deg. As twist increases, the thrust is redistributed to the re- 
gion 45 deg < y < 135 deg near the mid span regions. For 
excessive blade twist, the tip sections experience a slight neg- 
ative lift. On the retreating side, the region around the re- “Ly 0.5 0 05 1 
verse flow bubble is essentially unloaded. This study high- 
lights an important design criterion: judicious levels of blade 
twist may help improve performance for lift-offset rotors at 1 
high advance ratios. Vo 


f- 


Blade Geometry Optimization 

0.5} 
The rotor diameter, number of blades, solidity, cruise tip speed 
and cruise airspeed from Table 8 were frozen. For this stage 
of the optimization, parametric sweeps of the blade twist and 
taper are carried out to identify the geometry for minimum 
cruise power at 240 knots. The corresponding ranges of vari- 
ous design variables are given in Table 10, and a general blade 
geometry is shown in Fig. 10. -0.5L 


The chord at the bilinear taper junction was set to preserve 
rotor geometric solidity for each combination of root and tip 
chord. A total of 7,500 blade designs were evaluated using 
the linear inflow model and the free wake model separately. a | -0.5 0 0.5 1 
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Fig. 11. Normal Force Contours for Various Blade Twists 
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Blade Design Parameter Value 
Bilinear Twist Junction 0.4 -0.8 
Twist at Junction (deg) -10° —2.5° 
Tip Twist (deg) -12.5° — 0° 
Bilinear Taper Junction 0.4 -0.8 
Root Chord / Mean Chord 1-1.2 
Tip Chord / Mean Chord 0.6-1 


Table 10. Blade Design Variables for Parametric Sweep 


Blade Geometry Parameter | Linear Inflow | Free Wake 
Bilinear Twist Junction 0.6 0.7 
Twist at Junction (deg) -5° -5° 
Tip Twist (deg) -7.5° -10° 
Bilinear Taper Junction 0.5 0.7 
Root Chord / Mean Chord 1:2 1.0 
Tip Chord / Mean Chord 0.6 0.6 


Table 11. Optimum Blade Geometry for 240 knots Cruise, 
Linear Inflow vs. Free Wake 


Blade Geometry Power (% redn.) | Power (% redn.) 
Linear Inflow Free Wake 
Untwisted 899 hp (0%) 1129 (0%) 
Bilinear taper 894 hp (-1%) 1065 (-6%) 
10 deg linear twist | 781 hp (-13%) 719 (-29%) 
Bilinear twist 743 hp (-17%) 772 (-32%) 
Optimum 701 hp (-22%) 761 (-33%) 


Table 12. Rotor Power Comparison at 240 knots Cruise: 
Various Blade Geometries; Linear Inflow and Free Wake. 
Bilinear twist and bilinear taper from Table 10 
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Fig. 12. Effect of Blade Tip Twist on Cruise Rotor Power. 
Results obtained from Linear Inflow Model 
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The optimum geometry was identified based on minimum 
cruise power, and is tabulated in Table 11. All parameters 
except tip twist are very close to each other. The optimum 
tip twist predicted using linear inflow is -7.5 deg, while free 
wake-based analysis predicts -10 deg. The optimum twist 
distribution based on linear inflow predictions exhibits an in- 
board gradient of 8.3°/non-dimensional span from 15% (root 
cut-out) to 60% span, and an outboard gradient of 6.25°/non- 
dimensional span from 60% span to the tip. This twist dis- 
tribution, particularly at the tip, is consistent with the results 
in Figs. 9 and 11. As the blade geometry changes from 0 
to 10 degrees of total twist, the advancing tip regions are pro- 
gressively unloaded and thrust is redistributed to the mid-span 
locations. Further, the angles of attack over the front and rear 
of the rotor are such that the in-plane force reduces. However, 
at 10 degrees of tip twist, the advancing blade tips experience 
negative lift, resulting in an unfavorable operating condition. 
Therefore, it is expected that the optimum linear twist may lie 
between 5 and 10 degrees. 


Table 12 shows the comparison of rotor power (induced 
+ profile, including hub drag) required at 240 knots cruise 
for various blade geometries. The untwisted blades are se- 
lected as baselines to emphasize the role of rotor geometry. 
For the untwisted blade, linear inflow predicts a power of 900 
hp, while free wake predicts 25% higher power (1,129 hp). 
Both methods predict approximately the same power for the 
respective optima. 


Blade tip twist is the key design parameter that signifi- 
cantly affects cruise power. The breakdown of rotor power 
into that required to turn the shaft, and the additional propeller 
power needed to overcome hub drag is shown for various tip 
twists in Fig. 12. Even 10 deg of twist provides significant 
cruise power savings at 240 knots. Finally, bilinear taper is not 
as effective as bilinear twist when applied separately. How- 
ever, simultaneous application of the two results in significant 
rotor power savings. 


Role of Hub Drag at High Forward Speeds At a forward 
speed of 240 knots (405.3 ft/s), the rotor vertical thrust re- 
quired is 14,260 Ibs, and the rest of the weight is carried by 
the fixed wing. At this speed, the hub drag is of the order 
of hundreds of pounds (3% of vertical thrust). For a blade 
with 10 deg twist and bilinear taper given in Table 10, the 
shaft power predictions are 315 hp and 314 hp, respectively, 
using the linear inflow and free wake models. However, the 
hub drag predictions using the two inflow models are 482 1b 
and 591 lb. The two aerodynamic models predict the same 
shaft power but different hub drag values. This difference is 
not significant in comparison to the engine installed power. 
The difference in hub drag predictions is responsible for the 
different optimal blade geometries for the two inflow models. 
However, the difference is not large enough to impact the siz- 
ing of this helicopter. 


In the following section, the optimum blade geometry is 
used to generate the power curve for the aircraft in steady level 
forward flight at flight speeds between 0 (hover) and 240 knots 


(cruise). The linear inflow model predictions are compared to 
those obtained using a free wake analysis. Vehicle force bal- 
ance in the longitudinal plane and about the body roll axis are 
used to determine wind-tunnel trim targets for the rotor. The 
hub X-force is used together with the wing drag and airframe 
drag to compute propeller power in forward flight. The wing 
lift coefficient is assumed to be constant throughout, and equal 
to the optimal value given in Eqn. 5. This assumption is con- 
sistent with zero wake interference (valid at high speeds) and 
a constant wing mounting angle. 


Power Curve: Figure 13 shows the variation of rotor power, 
propeller power and total power required for various flight 
speeds, as predicted using the free wake and linear inflow 
models. Propeller power is near-identical between the two 
models, since it is dominantly driven by rotor drag, vehicle 
drag and wing drag. Since rotor drag predictions do not differ 
appreciably between the two models, propeller power agree- 
ment is similarly good. At the design cruise speed, both mod- 
els collapse to the same prediction value. The choice of inflow 
model affects the hub drag, which then cascades into propeller 
power. While rotor power is different by as much as 500 hp, 
the disagreement in total power is within 150 hp. For this par- 
ticular design, the cruise power and hover power are equal, 
resulting in maximum use of engine power. 


In summary, rotor aerodynamics at high advance ratios re- 
sults in significant breakdown of underlying assumptions used 
in the simplified performance models. While implementa- 
tion of tuned induced power factors as table look-up func- 
tions of thrust and flight conditions may circumvent the is- 
sue temporarily, including the comprehensive analysis within 
the design iterations as a higher-fidelity alternative avoids the 
problem altogether. This capability presents an option to the 
designer to obtain rotor performance using detailed physics- 
based models with fewer underlying assumptions. 


CONCLUSIONS 


Sizing studies and rotor blade-level optimizations were per- 
formed in the design of a high-speed asymmetric compound 
(half wing with a lift-offset rotor) capable of performing a 
similar mission as a full scale conventional single main ro- 
tor helicopter. A numerical framework (HYDRA) was devel- 
oped, which consists of a sizing procedure with options to use 
either a reduced order model or comprehensive analysis for 
performance calculations. Based on this framework, a suc- 
cessful asymmetric compound design was obtained that uti- 
lized with the wing and rotor operating under practical aero- 
dynamic limits. Furthermore, this compound design was com- 
pared to a coaxial rotor and it was shown that the asymmetric 
compound requires lower installed power and fuel weight to 
perform the same mission as the sized-coaxial vehicle. 


The following specific conclusions were drawn from this 
study 


1. The multi-fidelity framework allows a wide exploration 
of the design space using a reduced order model be- 
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fore down-selecting designs that are reevaluated and op- 
timized using the higher-fidelity comprehensive analysis 
either with a linear inflow model or freewake. The en- 
tire procedure converges to a practical design within two 
hours, including the parameter search for the best blade 
geometry using free wake. 


Simple equations tend to reply on empirical trends to 
capture physical phenomenon such as the induced power 
factor, which tend to erroneously over-predict or under- 
predict performance (these factors are not necessary 
tuned to extreme flight conditions). The performance of 
the rotor was better predicted using comprehensive anal- 
ysis in the design loop. 


A nominal amount of blade twist was found to be bene- 
ficial for improving the performance of the high advance 
ratio lift-offset rotor considered. The underlying mech- 
anism for power reduction is a redistribution of the air- 
loads over the rotor disk, and reduction of operating an- 
gles of attack (and hence drag) over the nose and tail. 


The rotor radius drives the empty weight through a cas- 
cading mechanism by affecting other weight groups. The 
installed power sensitivity to blade geometric has a mea- 


surably significant outcome on the final design and cruise 
power requirements. Blade taper had a secondary effect 
on the design considered, as in the present study, the ad- 
vancing tip Mach number was constrained to 0.8. 


. At these high forward-flight speeds, the difference in the 
inflow distribution between a linear inflow model and 
freewake was found to be negligible. The wake was 
predominantly blown away behind the rotor, resulting 
in near-identical rotor shaft torque for the same operat- 
ing condition. The main difference between a free wake 
model and a simple inflow model is evident in the hub 
longitudinal force due to blade drag. 


APPENDICES 


Appendix A: Lift Offset from Disk Loading 


This section provides estimates for the variation of rotor lift 
offset with advance ratio, based on the assumption that the 
rotor disk is split into multiple regions, each of which experi- 
ences uniform loading per unit area with different intensities. 
The rotor disk is subdivided as shown in Fig. 14 into the fol- 
lowing regions: 


The outer ring of the rotor disk that is always in attached 
flow. The disk loading is /;. The equation describing this 
region is x > u. 


The portion of the advancing side, minus the outer ring: 
flow is fully attached. The disk loading is l2. The equa- 
tion describing this region isx < U,O0 < Y <T. 


The reverse flow “bubble”: rotor blade sections experi- 
ence relative velocity from the trailing edge to the lead- 
ing edge. The disk loading is /3. The equation describing 
this region is x+ usin y < 0 


The remainder of the rotor disk: retreating side exclud- 
ing the reverse flow region and outer band. The disk 
loading is l4. The equation describing this region is 
x+pusiny>0,x<p,a<yw< 27. 


The total thrust generated by the rotor is 


2 

T = nR(1—p2)l, +0.5mp2R2(Io + l4) — 2R? (ly — 13) E 
(25) 

The total hub rolling moment is 
4uR 3 
Lice = 0.50R Wo (I — 14) +23 (la — BE (26) 
The general expression for lift offset is 
ye (In — 14) — 0.125 p13 (l — l4) 
Loff = 2 2 3 (27) 
0.5(h +l4)u? +0.25 (13 — l4)u? + (1 — ue?) 
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If the disk loading is zero in the reverse flow bubble and 
uniform in all other regions, then the lower bound of lift offset 


1S 
0.1254? 


10.254? ra 


Loff = 
If the disk loading is zero on the retreating side, then the 
upper bound of lift offset is 
L are 0.424 (29) 
off Ee a 
The upper bound is not a function of advance ratio, since it is 
simply the centroid of the half-circle. 


If the inner ring on the retreating side does not produce any 
lift and loading is uniform everywhere else, i.e l3 = l4 = 0 and 
lı = h, then the lift offset is 


4u? 


6z(1—0.5u?) (30) 


Loff 3 = 


Appendix B: Lift Offset from Blade Element Analysis 


Using blade element theory, the lift offset of a high advance 
ratio rotor may be estimated using the following assumption: 
on the advancing and retreating sides, all blade sections op- 
erate at a lift coefficient given by C;, and Cj, respectively. 
The dynamic pressure is computed using the tangential and 
radial velocities; disk tilt and blade motions are ignored. Un- 
der these assumptions, the total rotor thrust simplifies to 


Cr 1 1 2 
T- | [Cn +Cr) G +u?) + (Ci, — Cr) a (31) 


oO 
The rotor rolling moment is given by 


CL 
o 


1 1/1 
=) [Cn Cr) a G +u?) + (Cy, +Cr) E] (32) 


Defining the ratio 


(33) 


The lift offset may be written as 


r, (0.5 + u?) + 7 
2ur, +7 (G +u?) 


When the retreating side carries no lift, the ratio r, collapses 
to unity, and the upper bound of lift offset is 


0.5+ u’ + 7 


a 35 
2u +r (+u?) ve 


Loff, max = 


Numerical values of this upper limit of lift offset vary from 
0.45 (u = 0.5) to 0.39 (u = 1.5). This result is also close in 
value to that obtained in Appendix A, using a uniform disk 
loading assumption. 


If the advancing and retreating sides operate at the same 
lift coefficient, then the lift offset is 


(36) 


u 
Lof fest = 1+3p2 


Numerical values of this lift offset estimate range from 0.29 
(u=0.52) to 0.25 (u = 1.0). 


Appendix C: Wing Lift Fraction and Lift Offset 


For the asymmetric compound, rotor thrust and wing lift are 

related through vehicle weight, rolling moment balance and 

cruise lift share. Therefore, the rotor lift offset may be ex- 

pressed in terms of wing span, rotor radius and wing lift frac- 
fy W(0.5b) 


tion as f 
b 

Loff = = —W 
T= fy)WR 1= fy 2R 


After substituting for the wing dimensions from expressions 
given in the Methodology section, the lift offset expression 
simplifies to the following combination of non-dimensional 
parameters 


1.5 
An Q 1Cr, 
E a n Qh Lopi (37) 
— fy U Qe Ve Cdowy 
In terms of design parameters, the lift offset is 
f5 /0.SDL 1 Cr, 
Loff = E E (38) 
1-fy Pa e Ciy 


The above expression may also be used to quickly eliminate 
infeasible combinations of wing lift fraction and rotor disk 
loading for a given cruise speed. 
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